The influence of surfactant blend composition, organic solvent (oil) structure and cationic charge density (CCD) on stability of comonomer inverse microemulsions of acrylamide and [2-(acryloyloxy)ethyl]trimethylammonium chloride has been studied in order to obtain criteria for selecting comonomer inverse microemulsions before copolymerization resulting in copolymer inverse microemulsion useful as flocculants. Results show that optimum HLB can be explained by cohesive energy ratio theory and it increases with CCD; the higher the hydrophobic chain length of surfactants in surfactant blend, the lower the minimum surfactant blend concentrations (SBCm) needed to obtain stable inverse microemulsions; and linear organic solvents allow a decrease of the SBCm required for stabilizing comonomer inverse microemulsions.
Introduction
Polyacrylamide and its copolymers with anionic and cationic monomers are used worldwide in applications such as paper making (fines retention), flocculation of municipal and industrial waste water, and enhanced oil recovery [1] [2] [3] . Most common marketed acrylamide-based flocculants are anionic and cationic copolymers, the latter being the most interesting from the commercial point of view due to their higher added value. Nonionic polymers have little application in water treatment processes. Anionic flocculants are mainly used for drinking water production or for flocculation of inorganic dispersions while cationic flocculants are used for sludge flocculation and dewatering in waste water treatment.
They are mainly supplied either in a solid state or as an inverse emulsion [4] . In the solid state, the main problem is the substantial preparation time of the flocculant solution to be used to treat waste water because such solution must be prepared daily to avoid degradation. On the other hand, although inverse emulsions are easy to handle and can be obtained with polymer concentrations above 30% (w/w) with emulsifier concentrations below 4% (w/w) (based on emulsion total weight), they show poor thermodynamic stability resulting in phase separation.
To overcome this problem, during the 1980s a new polymerization method was developed: inverse microemulsion polymerization [5] . Microemulsions are transparent, homogeneous mixtures of water, or an aqueous solution of chemicals, and oil, stabilized by a fairly large amount of a surfactant or, in most cases, a surfactant mixture. Inverse microemulsions can adopt a large variety of structural organizations, ranging from small globules of uniform size (~10 -2 μm), in the oil-rich region, to bicontinuous structures with randomly connected oil and water domains in the phase inversion region. The inverse microemulsion copolymerization of acrylamide (AM) and ionic monomers allows the preparation of stable, clear or milky, low viscosity latex particles of a high molecular weight (~10 7 g/mol) useful as flocculants. To achieve this goal, however, a higher concentration of surfactant mixture must be used in comparison with inverse emulsions in order to stabilize the system. The surfactant concentration in an inverse emulsion ranges between 2 and 4% (w/w), which is much lower than in an inverse microemulsion (generally > 10% (w/w)). Lower concentrations may be used with a heterophase water-in-oil polymerization process [6] , by means of which, starting from an inverse emulsion of monomers an inverse microemulsion is obtained after polymerization.
For industrial application, the manufacturing of an ionic flocculant in inverse microemulsion involves two steps: (1) The selection of a suitable comonomer formulation: comonomer-surfactant concentration ratio, HLB (hydrophile-lipophile balance), type of comonomer ionic charge (anionic or cationic), ionic charge density (CCD, ionic monomer weight percentage based on total amount of monomers), chemical nature of surfactants, oil type and, if necessary, additives. (2) The choice of the appropriate polymerization conditions (temperature, initiator type, polymerization method, etc) which lead to stable polymer inverse microemulsions with good flocculation properties; that is to say, linear high molecular weight polymers or copolymers are required, although some degree of branching for specific applications such as in dewatering of waste-activated sewage sludge's [7] may sometimes be needed.
Due to economic reasons, flocculants in inverse microemulsion must be characterized by a high ratio of (co)monomer to surfactant concentration in order to be industrially applied. A lower surfactant concentration, however, may affect negatively the stability of microemulsions before or during polymerization. Therefore, the choice of a suitable surfactant or blend of surfactants is a key step to formulate a stable microemulsion. Holtzscherer and Candau [8] showed that the cohesive energy ratio (CER) concept, previously developed by Beerbower and Hill [9] for the stabilization of nonionic emulsions, could be successfully applied to microemulsions in such a way that the optimum HLB of the surfactant blends (SB) for microemulsion stabilization could be calculated. However, as Ochoa et al. showed [10, 11] for the synthesis of anionic flocculants based on acrylamide and sodium acrylate copolymers by inverse microemulsion polymerization, this is not enough to obtain stable polymer microemulsions. The length of surfactant hydrophobic tails together with the presence of double bonds [10, 11, [12] [13] [14] on them must be considered as well as the compatibility of chain lengths of oil and surfactant hydrophobic tails [15] .
Up to now, most inverse microemulsion polymerization studies related to products useful as flocculants has been devoted to both acrylamide homopolymerization [6, 8, [16] [17] [18] [19] and acrylamide copolymerization with alkaline metal acrylates and methacrylates, such as sodium acrylate [20] and 2-(acrylamido)-2-methylpropanesulfonate (NaAMPS) [21] , or with cationic monomers, such as quaternary ammonium acrylates and methacrylates, mainly [2-(methacryloyloxy) ethyl]trimethylammonium chloride (MADQUAT) [22] [23] [24] . Also, ampholytic terpolymers based on acrylamide, MADQUAT and NaAMPS have been obtained by inverse microemulsion polymerization [25, 26] .
In 1997, our Research Center started a macroproject oriented to obtain industrially useful nonionic, anionic and cationic flocculants derived from AM, sodium acrylate and [2-(acryloyloxy)ethyl]trimethylammonium chloride (Q9) by inverse microemulsion polymerization. The results obtained allowed the filing of two patent applications [11, 27] which were granted in 2005. The present paper is the first of a series in which the synthesis and properties of cationic flocculants based on copolymers of AM and Q9 with a CCD ranged from 10 to 40% (w/w) are presented. In this work, the influence of SB nature, organic solvent (OS) nature of oil phase and CCD of comonomer mixture on the selection of comonomer formulation prior polymerization are given. Taking into account that we were looking for industrial applicability of these microlatex particles as flocculants, formulations must satisfy the following requisites: (a) Comonomer concentration in the inverse microemulsion should be at least 30% (w/w). (b) Surfactant concentration should be lower than 10% (w/w) based on total amount of inverse microemulsion.
Results and discussion

Influence of surfactant blend composition
For each system studied (defined by SB composition, CCD and OS used; see Tab. 1), pseudo-ternary phase diagrams at 25ºC and several HLB's were obtained in order to calculate the optimum HLB (HLBo), defined as that in which aqueous phase: surfactant blend (APh: SB) weight ratio is maximum [5, 28] . By plotting the minimum concentration of SB (SBCm) needed for inverse microemulsion formation versus HLB at different constant weight ratios of aqueous phase: organic solvent (APh: OS), HLBo can be obtained from the minimum of the curves generated. If, at constant CCD, the HLBs corresponding to the minimum of the curves for several APh: OS weight ratios are different, then, taking into account that one of the requisites to be satisfied by formulations is an active matter concentration higher than 30% (w/w), HLBo at 70:30 APh: OS ratio was chosen.
As an example, pseudo-ternary phase diagrams and SBCm variation against HLB for system 1 are given in Fig. 1 . Similar plots were obtained for all systems studied herein. HLBo for each system studied as well as SBCm to form a stable comonomer microemulsion at HLBo and 70:30 APh:OS weight ratio for several CCD are given in Tab. 1. Two general behaviours can be deduced from Tab. 1: (1) At constant CCD, HLBo is within a very narrow window of 0.4 HLB units irrespective of both SB and OS nature. Thus, at CCD = 10%, HLBo ranges between 8.7 and 9.0 for systems 1, 7, 4, and 11; at CCD = 20%, HLBo ranges from 9.0 to 9.4 for systems 2, 8, 5, and 12; at CCD = 30%, HLBo is comprised between 9.5 and 9.9 for systems 3, 6, 9, and 13; at CCD 40%, HLBo ranges between 9.9 and 10. The independence of HLBo from both SB and OS nature at constant CCD can be explained by the cohesive energy ratio (CER) theory [8, 22] . According to this theory, the stability of a microemulsion (or emulsion) requires that the partial solubility parameters (defined as the square root of the cohesive energy density) of organic solvent (δ o ) and emulsifier hydrophobic tail (δ L ) and of aqueous phase (δ w ) and emulsifier hydrophilic head (δ H ) are perfectly matched. When this condition is met, it is possible to calculate the HLBo for microemulsion stability according to the following equation [22] :
where HLBo is the optimum HLB when δ o = δ L and K is a constant given by
where and ρ L ρ H are the densities of hydrophobic and hydrophilic tails for emulsifier, respectively, and R 0 is given by
where V L and V H are the molar volumes of hydrophobic and hydrophilic tails for emulsifier, respectively.
Taking into account that, at constant CCD, the aqueous phase composition is constant irrespective of system studied and that for most SB studied the surfactant hydrophilic heads consist of ethylene oxide units and, therefore, their solubility parameters must be independent of SB here studied, we conclude that HLBo for microemulsion formation must be ruled by the matching between the solubility parameter of surfactant hydrophobic tails in SB and the one for OS.
The solubility parameters, δ, of organic solvents as well as of hydrophilic and hydrophobic tails of surfactants used in this work are given in Tab. 2 together with the ones calculated by Holtzscherer and Candau [8] . The values of δ given in Tab. 2 were calculated by means of the Group Contribution Theory [29] . According to this theory, a molecule can be divided into its different structural groups. The contribution of each group to the vaporization energy and the molar volume is additive. Therefore, the solubility parameter of a molecule can be calculated by adding the contributions of each structural group to the vaporization energy and dividing the result by the sum of their molar volumes. The square root of the resulting figure is the solubility parameter. Contribution values for different groups can be found in references [30, 31] . As it can be seen, there is a very good agreement between δ calculated by us and the ones given in reference [8] .
δ of hydrophobic tail of a SB (δ LSB ) can be calculated from the following equation:
where δ LS1 and δ LS2 are the solubility parameters of hydrophobic tails for surfactant 1 and surfactant 2, respectively, and w S1 and w S2 are their corresponding weight fractions in the SB. 3) that makes it completely soluble with water. Softanol 90 is actually industrially used for the production of household detergents in which it behaves as an oil solubilizing surfactant due to its high HLB. Therefore, the low HLBo for systems 15 and 16 can be easily explained if we consider that Softanol 90, due to its high solubility in water, has a tendency to be in the bulk of aqueous phase far away from the oil phaseaqueous phase interface. This behaviour decreases the microemulsion stability and, therefore, higher concentrations of the stabilizing surfactant, Arlacel 83, are required to counteract this effect. In other words, HLBo of the surfactant blend must shift to lower numbers to result in a more condensed interfacial film which enhances the microemulsion stability.
Although CER theory can explain the first general behaviour related to the HLBo experimentally found for the systems studied herein, it fails to explain the second general behaviour related to the strong SBCm dependence on chemical structure of surfactants in SB. Thus, for systems stabilized with Arlacel 83/Atlas G-1086, SBCm ranges from 5.5 to 9% (w/w) while for the ones stabilized with Softanol TM mixtures, SBCm is very much higher, between 17.5 and 20% (w/w), and for systems stabilized with Arlacel 83 or Atlas G-1086/Softanol mixtures it is comprised between 5 and 17.5% (w/w), the lower SBCm values corresponding to higher amounts of Arlacel 83 or Atlas G-1086 in the SB as a general rule. Solubility parameters cannot explain this behavior.
The explanation can be derived from structural differences between surfactants constituting the SB. These are given in Tab. 3 and Fig. 3 (see experimental part) . It can be seen that there are strong differences between Softanol TM series and Arlacel 83 and Atlas G-1086. The last two surfactants have both longer hydrophobic chains and higher number of hydrophobic chains per molecule than the former ones. That is to say, the hydrophobic tails of both Arlacel 83 and Atlas G-1086 are more bulky and larger than the ones of Softanol 30, Softanol 50 and Softanol 90. This means that Arlacel 83 and Atlas G-1086 have a greater capacity for covering the oil phaseaqueous phase interfacial area than Softanol TM surfactants which results in a more condensed interfacial film which, in turn, enhances microemulsion stability. With the experimental data available it is not possible to deduce the relative influence of hydrophobic chain length and hydrophobic volume of surfactants on stability of comonomer microemulsions. Although both parameters contribute to the packing parameter of a surfactant [32] (defined as V/a 0 (HCL), where V and (HCL) are hydrophobic volume and hydrophobic chain length of surfactant, respectively, and a 0 the area of surfactant polar head) Ochoa et al. [10] showed that the chain length is the most significant parameter for the stabilization of inverse microemulsions of AM and sodium acrylate copolymers.
Likewise, there is not sufficient experimental data available to study the influence of unsaturation level in the hydrophobic chain of surfactants. Hunkeler et al. [12] [13] [14] and Ochoa et al. [10] , however, point out the probable influence of the unsaturation level on both copolymer properties and inverse microemulsion stability of acrylamide copolymers.
Influence of organic solvent composition
For systems 7-14 (Tab. 1) there is no difference in SBCm between the two OS used, probably because the very high SBCm (about 19% (w/w)) for these systems mask the possible OS effects. However, in systems 1-6 stabilized by Arlacel 83 and Atlas G-1086 or in systems 15-18 stabilized by mixtures of one of them with a Softanol, SBCm is always significantly lower in Rolling M-245 than in Isopar M as shown in Tab. 4.
These differences cannot be ascribed to differences in solubility parameters because those for both OS are practically the same, 16.01 ± 0.8 (J.cm -3 ) 1/2 . Therefore, the explanation may be presumably related to OS chemical structure. Thus, Isopar-M is a mixture of branched saturated hydrocarbons with an average chain length close to 12.5 while Rolling M-245 consists of a mixture of n-decane and n-tetradecane in about 40:60 weight ratio with an average chain length close to 12. Consequently, the main difference among them is that Isopar M consists of branched hydrocarbons and Rolling M-245 of linear ones. It can be concluded for the systems studied herein, that linear organic solvents require a lower amount of SB (i.e., lower SBCm) for stabilizing inverse comonomer microemulsions than branched organic solvents of similar solubility parameter. The same result was obtained by Muñoz et al. [33] for acrylamide inverse microemulsions. This phenomenon is probably due to the fact that linear OS penetrate more easily in the hydrophobic chains of surfactants located at the oil: water interface than the homonymous branched ones thereby decreasing interfacial tension and, hence, increasing microemulsion stability. Thus, a lower surfactant blend concentration is required for stabilizing the microemulsion.
Systems 19 and 20 do not follow the above behaviour, but taking into account that their HLBo are 10.1 and 10.2, respectively, it is obvious that they are primarily composed by Softanol 50 (HLB 10.5) so that their behaviour is similar to that of systems stabilized by pure Softanol TM mixtures (7-14 in Tab. 1), wherein the very high surfactant blend concentration needed for stabilizing the microemulsion mask the organic solvent effects.
Influence of cationic charge density (CCD)
Variations of SB concentration needed to form an inverse microemulsion versus HLB at several CCD are given for two SB in Fig. 2 , using Rolling M-245 as OS. Similar plots are obtained for the same systems using Isopar M as OS. As it can be seen from Fig. 2 , HLBo increases with CCD. These results are in agreement with those obtained by Candau and Bouchert [22, 23] for microemulsions of [2-(methacryloyloxy) ethyl]trimethylammonium chloride (MADQUAT) for the surfactant blend Arlacel 83/Atlas G-1086 in cyclohexane as OS and they are explained by the salting out effect caused by the cationic monomer. As a consequence, the water solubility of surfactants decreases resulting in their progressive transfer to the organic phase. It follows that HLB of surfactant blend turns more lipophilic with high cationic monomer concentration, and then the HLBo is shifted to higher values in order to counterbalance this effect.
Surfactant blend selection for polymerizations
The system formulations meeting the requirements defined in the introduction, namely, a comonomer concentration of at least 30% (w/w) (equivalent to an aqueous phase concentration of at last 60% (w/w)) and a surfactant blend concentration lower than 10% (w/w), are listed in Tab. 5.
Softanol 30/Atlas G-1086 and Arlacel 83/Altlas G-1086 surfactant blends cannot be used to obtain CCD higher than 40% (w/w). As it can be deduced from Fig. 2 , over this value HLBo shifts at numbers higher than HLB of Atlas G-1086 and formulation is not possible. On the contrary, Arlacel 83/Softanol 90 surfactant blends has an HLBo of 8.3 in Rolling M-245 and, therefore, it is suitable for obtaining cationic flocculants in inverse microemulsion with a broad spectrum of CCD ranging from 10 to 90% (w/w). Consequently, system 16 in Tab. 5 was selected to carry out semicontinuous copolymerizations of AM and Q9 in inverse microemulsion. The study of the properties as flocculants of copolymers obtained will be reported in future papers.
Conclusions
The main parameters influencing the stability of acrylamide and [2-(acryloyloxy) ethyl]trimethylammonium chloride inverse microemulsions have been studied. Results obtained can be summarized in the following conclusions.
• Optimum HLB (HLBo) can be explained by CER theory.
• Minimum surfactant blend concentrations (SBCm) to obtain stable inverse microemulsions are related to the hydrophobic chain length of surfactants in SB: lower SBCm-values are obtained with longer hydrophobic chains. Surfactant coverage of interfacial area is thus greater resulting in a lower interfacial tension and hence in a higher stability of the inverse microemulsion.
• Linear organic solvents yield lower values of SBCm required to stabilize inverse comonomer microemulsions, than branched organic solvents having same chain length, probably because linear OS penetrate more easily than the branched ones into the hydrophobic chains of surfactants located at the oil: water interface, thereby decreasing interfacial tension and, hence, increasing microemulsion stability.
• HLBo-values increase with cationic charge density of comonomer mixture, which can be explained by the salting out effect induced by cationic monomer.
On the basis of the results obtained and the requirements for industrial application of comonomer microemulsions (viz., comonomer concentration of at least 30% (w/w) and surfactant blend concentration lower than 10% (w/w)), semicontinuous copolymerization studies to be reported in next papers were carried out by using the following formulation: Emulsifiers were a blend of two nonionic surfactants of different nature and HLB whose structures are given in Fig. 3 Fig. 3 . Chemical structures of surfactants used to prepare the microemulsified blends.
